Recent studies suggest a crucial role for plasminogen activator inhibitor-1 (PAI-1) in mediating stress-induced hypercoagulability and thrombosis. However, the mechanisms by which PAI-1 is released by stress are not well-delineated. Here, we examined catecholaminergic neurosecretory cells for expression, trafficking, and release of PAI-1. PAI-1 was prominently expressed in PC12 pheochromocytoma cells and bovine adrenomedullary chromaffin cells as detected by Northern blotting, Western blotting, and specific PAI-1 ELISA. Sucrose gradient fractionation studies and immuno-electron microscopy demonstrated localization of PAI-1 to catecholamine storage vesicles. Secretogogue stimulation resulted in co-release of PAI-1 with catecholamines. Parallel increases in plasma PA1-1 and catecholamines were observed in response to acute sympathoadrenal activation by restraint stress in mice in vivo. Reverse fibrin zymography demonstrated free PAI-1 in cellular releasates. Detection of high molecular weight complexes by Western blotting, consistent with PAI-1 complexed with t-PA, as well as bands consistent with cleaved PAI-1, suggested that active PAI-1 was present. Modulation of PAI-1 levels by incubating PC12 cells with anti-PAI-1 IgG caused a marked decrease in nicotinemediated catecholamine release. In summary, PAI-1 is expressed in chromaffin cells, sorted into the regulated pathway of secretion (into catecholamine storage vesicles), and co-released, by exocytosis, with catecholamines in response to secretogogues.
INTRODUCTION
Plasminogen activator inhibitor type 1 (PAI-1) is a member of the serine protease inhibitor (SERPIN) superfamily. Its major recognized function is regulation of the fibrinolytic system by rapidly inhibiting the plasminogen activators tissue plasminogen activator (tPA) and urokinase (uPA), thus preventing activation of plasminogen to plasmin 1 . Elevated plasma concentrations of PAI-1 have been observed in a variety of thrombotic disorders, including deep vein thrombosis 2 , myocardial infarction [3] [4] [5] , and disseminated intravascular coagulation 6 .
Recent studies have suggested an important association and role for the stress response in promoting thrombotic events. Mental and physical stress substantially decrease fibrinolytic activity 7 . Acute stress and chronic stress are associated with elevated plasma concentrations of PAI-1 antigen in humans and in rodent models 8, 9 . Chronic stress is associated with elevated plasma PAI-1 antigen concentrations in middle-aged men 8 . Studies using a restraint stress paradigm in mice demonstrated a striking increase in plasma PAI-1 antigen concentrations in response to acute stress 9 . In addition, the PAI-1 response correlated with tissue thrombosis, particularly in older stressed mice 9 . Moreover, much less tissue thrombosis was induced by restraint stress in both young and aged PAI-1 deficient mice compared with age-matched wildtype mice 9 . These results demonstrate that increased expression and release of PAI-1 in response to physiological and pathological stress increase the prothrombotic potential, thus promoting thrombotic complications under stressful conditions. Hence, these results suggest a crucial role for PAI-1 in mediating stress-induced hypercoagulability and thrombosis. However, the mechanisms by which PAI-1 plasma concentrations are increased by stress are not well delineated. Of note, the stress response is characterized by, and in large part mediated by, activation of the sympathoadrenal system causing exocytotic release of amines and proteins from For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From catecholamine storages vesicles of the adrenal medulla and sympathetic neurons 10 .
Interestingly, in the above mentioned murine studies, restraint stress was associated with a pronounced increase in PAI-1 mRNA expression in the adrenal medulla 9 . However, the intracellular trafficking of PAI-1 and its release from these cells [i.e., via regulated versus constitutive secretory pathways 11, 12 ] are fundamental issues that have not been elucidated.
Therefore, we tested the hypothesis that PAI-1 is targeted to and released directly by exocytosis from adrenomedullary catecholamine storage vesicles, by investigating PAI-1 expression, subcellular localization, and secretagogue-mediated PAI-1 release from chromaffin cells. These included rat PC12 cells, a well-established neurosecretory chromaffin cell line with abundant catecholamine storage vesicles 13 , as well as primary bovine adrenomedullary chromaffin cells. We also examined plasma PAI-1 and plasma catecholamine responses to acute sympathoadrenal activation in mice in vivo. Our results demonstrate that PAI-1 is prominently expressed in chromaffin cells, and is targeted into catecholamine storage vesicles. In addition, PAI-1 is co-released by exocytosis with catecholamines in a regulated fashion (via the regulated secretory pathway) in response to chromaffin cell stimulation. In addition, modulation of local PAI-1 levels resulted in substantial alteration of agonist-mediated catecholamine secretion, suggesting that PAI-1 plays a key role in modulating chromaffin cell neurosecretory function.
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METHODS

Cells and Tissues. PC12 cells derived from rat pheochromocytoma
were cultured as described [14] [15] [16] [17] [18] . Bovine chromaffin cells and bovine chromaffin granules were isolated from fresh bovine adrenal medullae as described 15, 16, 18, 19 .
mRNA Isolation and Northern Blot Analysis. Total RNA from cells and tissues was prepared using the RNAzol B method according to the manufacturer's instructions (TEL-TEST, INC., Friendswood, TX). Northern blot analyses were performed as in our previous studies 15 Research Institute)] or control rat cyclophilin cDNA at a concentration of 2 X 10 6 cpm/ml as probes. PAI-1 mRNA was evaluated in PC12 cells cultured in the absence and presence of the neurotrophin, nerve growth factor (NGF) (Gibco-BRL, Gaithersburg, MD) at 100 ng/ml for 24 h to induce differentiation of the cells to acquire a sympathetic neuronal phenotype, as described 20 .
Western Blotting. PC12 cells were lysed in 1% Triton X-100 lysis buffer (10 mM Tris Cl, pH7.4, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, pH8.0) with the addition of protease inhibitor cocktail (Boehringer Mannhem, Indianapolis, IN). Proteins from PC12 cell lysates, or from soluble fractions of isolated bovine adrenal chromaffin granules were electrophoresed on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels under reducing conditions, transferred to nitrocellulose membranes, and incubated with rabbit anti-rat PAI-1 IgG (American Diagnostica Inc., Greenwich, CT). The membranes were incubated with donkey anti-rabbit IgGhorseradish peroxidase conjugate (Amersham Life Science, Piscataway, NJ), developed using an For personal use only. on November 16, 2017. by guest www.bloodjournal.org From ECL substrate (Amersham), and exposed to Kodak X-OMAT AR film (Eastman Kodak Company, Rochester, NY).
Sucrose Gradient Fractionation.
Sucrose gradient fractionation studies were performed as in our previous studies 14, 15 . Briefly, PC12 cells were incubated for 2 hrs with 1 μCi/ml Fractions were collected and assayed for [ 3 H]norepinehrine by liquid scintillation counting, sucrose concentration by refractometry, and PAI-1 using a specific ELISA kit (American Diagnostica Inc.).
Secretagogue-mediated Release of PAI-1. PC12 cells were labeled for 2 hrs with
[ 3 H]norepinephrine at 1 μCi/ml in cell culture medium, washed four times in release buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 ), and incubated at 37 o C for 30 min in release buffer in the presence or absence of secretagogues as described [14] [15] [16] 18 . After collecting the release buffer, the cells were lysed in release buffer containing 0.1% Triton X-100.
Release buffer and cell lysates were assayed for [ 3 H]norepinephrine by liquid scintillation counting and PAI-1 using the ELISA for PAI-1.
In Vivo Sympathoadrenal Activation Studies. C57Bl/6J mice at 16-18 weeks of age were obtained from the in-house rodent breeding colony. Animal procedures and protocols in these studies were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute. Mice were subjected to restraint stress, a potent inducer of sympathoadrenal activation 21, 22 , using a modification of a previously described method 9 . Briefly, mice were restrained in a restraining tube [plastic 50 ml conical centrifuge tube (Corning, NY, USA) with Absorbances were converted to percent normal reference mouse citrated plasma (NMP) vWF from a standard curve made from a serial dilution of NMP (1/25 to 1/1600) in TBS/1% BSA analyzed on the same plate.
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From Reverse Fibrin Zymography. Reverse fibrin zymography was performed as described 23 .
Briefly, samples were electrophoresed on 10% SDS-polyacrylamide gels under non-reducing conditions. After removal and neutralization of the SDS by soaking in 2.5% Triton X-100, the gels were incubated on fibrin-agarose indicator films containing 2 mg/ml plasminogen-depleted human fibrinogen (Calbiochem, La Jolla, CA), 0.5 units/ml human thrombin (Calbiochem), 0.05 units/ml human urokinase (Sigma, St. Louis, MO), and 25 μg/ml human plasminogen [purified as described 24 ]. After embedding, immunolabeling was carried out on thin sections mounted on parlodion coated nickel grids. Sections were blocked in blocking buffer (50 mM Tris Cl, pH 7.5, 150 mM NaCl, 5% normal goat serum, 0.8% BSA, 0.1% cold water fish skin gelatin), and immunolabeled using rabbit anti-rat PAI-1 IgG (American Diagnostica Inc.), followed by detection with goat anti-rabbit IgG conjugated to 10 nm colloidal gold (Ted Pella Inc., Redding, CA).
Immunoelectron Microscopy of PAI-1 in PC12 cells and Chromaffin
After immunolabeling, sections were washed, fixed with 1% glutaraldehyde in cacodylate buffer for 10 min at room temperature, contrasted with 2% uranyl acetate followed by bismuth subnitrate, and examined with a Zeiss EM10 CR electron microscope.
In quantitative evaluation of immunogold results, the density of gold particles was determined in random electron micrographs, with the gold particles counted and expressed as the number of gold particles per μm 2 of secretory vesicle area (or non-vesicular subcellular area) 9 evaluated as described 25 . Immunogold particles were considered to be associated with secretory vesicles when they were observed within 50 nM of the surface of the vesicle 25 .
Statistics.
Results are reported as mean ± standard error of the mean. For secretion studies, statistical significance was determined by Student's t test or by analysis of variance followed by Student-Newman-Keuls post-hoc tests for multiple comparisons. Univariate correlations were assessed by linear least-squares regression analysis. Results from immuno-electron microscopy studies were analyzed by the nonparametric Wilcoxon signed-rank test.
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RESULTS
Expression of PAI-1 by Chromaffin Cells. PAI-1 expression was investigated in rat
pheochromocytoma PC12 cells using Northern blot analysis. Hybridization was performed with a 32 P-labeled 1085-bp mouse PAI-1 cDNA EcoRI-SphI fragment as probe. A prominent band at 3.0-kb typical of PAI-1 was observed. The PAI-1 signal was increased 2.5-fold after treatment of the cells with neurotrophin (NGF) ( Fig. 1, left panel) .
Next, PAI-1 antigen expression was investigated in both PC12 cells and bovine adrenal chromaffin vesicle lysates in Western blot analysis using an IgG fraction of a rabbit anti-rat PAI-1 antibody. Two major bands were specifically detected in PC12 cell lysates and bovine chromaffin vesicles purified from bovine adrenal glands ( Fig. 1 , right panel), one with an apparent molecular weight (Mr app ) of 50,000, consistent with that of free PAI-1 and the second with an Mr app of 110,000 consistent with PAI-1 in complex with its target protease, t-PA. The Mr app 110,000 band was also detected in blots probed with an anti-t-PA antibody, consistent with PAI-1 in a complex with t-PA (see Supplemental Material). The detection of the band at Mr app 110,000 with anti-PAI-1 antibody is also consistent with the presence of active PAI-1 (suggested by the ability to form a complex with its target protease, t-PA).
PAI-1 antigen was also detected by ELISA. The PAI-1 cell content was 7.4 ± 0.6 ng/10 6 cells for PC12 cells, and 3.3 ± 0.2 ng/10 6 
cells for bovine chromaffin cells. In controls, cell lysates of bovine chromaffin cells were negative for expression of von Willebrand Factor by
Western blotting, indicating minimal contamination of the chromaffin cell preparations with endothelial cells.
Subcellular Localization of PAI-1 in Chromaffin Granules.
In order to explore the subcellular localization of PAI-1 expressed in chromaffin cells, sucrose gradient fractionation of PC12 cell homogenates was performed. PC12 cells were labeled with [ 3 H]norepinephrine, homogenized, and layered over a continuous sucrose density gradient (0.32-2.2 M sucrose).
After centrifugation, fractions were collected and assayed for PAI-1 antigen by ELISA, [ 3 H]norepinephrine by liquid scintillation counting, and sucrose concentration by refractometry.
PAI-1 and [ 3 H]norepinephrine were co-localized to the same subcellular fraction with a major peak at 1.4 M sucrose ( Fig. 2A ). The 1.4 M sucrose peak is consistent with the buoyant density that we and others have determined previously for catecholamine storage vesicles isolated from PC12 cells 14, 15, 26, 27 . In addition, some PAI-1 and [ 3 H]norepinephrine were present in the top fractions of the gradient (fractions 23-25, 0.32-0.6 M sucrose). This additional peak at the top of the gradient is consistent with release of granular components from vesicles lysed during the homogenization step (prior to application of the sample to the gradient) as we and others have shown in studies investigating other secretory vesicle proteins 15, 27, 28 . The fractions at the 1.4 M sucrose peak (10 to 19) with the highest [ 3 H]norepinephrine cpm were analyzed further by Western blotting (Fig. 2B ). PAI-1 antigen migrating with apparent molecular weights of 50,000 and 110,000 was highly enriched in these fractions, suggesting that both free PAI-1 and PAI-1 in a complex with t-PA were present.
Secretagogue-Stimulated Co-release of PAI-1 and Catecholamines from Chromaffin
Cells. We also investigated the subcellular localization of PAI-1 using functional secretagogue release studies. PC12 cells were loaded with [ 3 H]norepinephrine and stimulated with well established secretagogues that act with varied potency and through different mechanisms to cause regulated exocytotic release from these cells: 60 μM nicotine (acting through activation of nicotinic cholinergic receptors); 55 mM KCl (resulting in membrane depolarization); and 2 mM BaCl 2 [acting as a calcium agonist 14, 15 ]. Both releasates and whole cell lysates were assayed for PAI-1 antigen and [ 3 H]norepinephrine. Marked increases in PAI-1 secretion were observed in response to each of these secretagogues: 3 to 4-fold for nicotine, 4 to 5-fold for KCl, and 7 to 8-fold for BaCl 2 (Fig. 3A ). Furthermore, secretion of PAI-1 was in parallel with that of 
Parallel Increases in Plasma PAI-1 and Catecholamine Concentrations in Response to
Sympathoadrenal Activation In Vivo. We also examined plasma PAI-1 and plasma catecholamine concentrations in vivo in response to acute sympathoadrenal activation by restraint stress in C57Bl/6J mice. Significant increases in both plasma PAI-1 and plasma catecholamines were observed after sympathoadrenal activation, compared with plasma concentrations in control (unstressed) mice [for PAI-1, 5.22 ± 0.29 ng/ml (n=6), versus 2.68 ± 0.35 ng/ml (n=6), P<0.001; for catecholamines, 18.81 ± 3.59 ng/ml (n=6), versus 9.34 ± 1.74 ng/ml (n=6), P<0.05] (Fig. 3C ). In addition, the increase in plasma PAI-1 concentration was in parallel with that of plasma catecholamines, approximately 2-fold increase for both (1.94 ± 0.11 -fold increase for PAI-1, and 2.01 ± 0.38 -fold increase for catecholamines). Furthermore, plasma PAI-1 concentrations were highly correlated with plasma catecholamines (r = 0.825, n=12, P=0.001) (Fig. 3D ). In controls, plasma von Willebrand factor concentrations did not Reverse Fibrin Zymography of Chromaffin Cell Releasates. We also examined neurosecretory cell releasates using reverse fibrin zymography. Using this technique, the presence of the plasminogen activator, uPA, in the indicator gel results in lysis of the entire gel except for zones (which remain opaque) in which PAI-1 activity is present 23 . An opaque zone indicating plasminogen activator inhibitory activity was detected in secretagogue-mediated (BaCl 2 -stimulated) cell releasates ( Fig. 4, Panel A) . Only trace amounts of plasminogen activator inhibitory activity were detected in the conditioned media of cells incubated with buffer alone (Fig. 4, Panel A) . This plasminogen activator inhibitory activity migrated with an Mr app of 50,000, consistent with the molecular weight of the free active form of PAI-1 (and/or latent PAI-1 that is activated during zymography). The same samples were analyzed by Western blotting using a specific anti-rat PAI-1 antibody (Fig. 4, Panel B) , and PAI-1 antigen was detected migrating with the same electrophoretic mobility as plasminogen activator inhibitory activity.
Thus, these results suggest that PAI-1 activity is present in the secretogogue-responsive pool.
Immuno-electron Microscopy of PAI-1 in Secretory Vesicles of PC12 cells and Bovine
Adrenomedullary Chromaffin Granules. The localization of PAI-1 antigen within secretory vesicles was further examined by immuno-electron microscopy. PAI-1 antigen was detected using specific rabbit anti-rat PAI-1 IgG, followed by a goat anti-rabbit IgG conjugated to 10 nanometer colloidal gold particles. In PC12 cells, immuno-electron microscopy revealed the gold-labeled PAI-1 antigen within dense core catecholamine storage vesicles, as shown in Fig. For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 5A, as well as in Fig. 5B at higher magnification. Control experiments (Fig. 5C ) showed a paucity of immunolabeling when normal rabbit IgG was used as the primary antibody.
In experiments with isolated bovine chromaffin granules, PAI-1 antigen was again demonstrated to be localized to secretory vesicles, as shown in Fig. 5D , with specific immunogold labeling of PAI-1 over the dense core secretory granules. Minimal immunolabeling was detected in control experiments with normal rabbit IgG as primary antibody (Fig. 5E ).
In quantitative analyses of immunogold results, in PC12 cells (from n=14 random electron micrographs), the density of specific anti-PAI-1 labeled gold particles associated with secretory vesicles was markedly increased compared to the density of gold particles overlying other (non-vesicular) subcellular regions [542±24 gold particles/μm 2 (125 secretory vesicles evaluated), versus 14±2 gold particles/μm 2 , P<0.0000001 by Wilcoxon signed ranks test].
Parallel studies with isolated bovine chromaffin granules (from n=12 random electron micrographs) also showed a marked increase in the density of anti-PAI-1 labeled gold particles associated with dense core secretory vesicles [621±45 particles/μm 2 (126 secretory vesicles evaluated), versus 34±3 gold particles/μm 2 , P<0.00001 by Wilcoxon signed ranks test)]. In specificity control studies with non-specific IgG as primary antibody, minimal gold labeling was noted and no significant increase in gold particle density was observed in association with secretory vesicles for either PC12 cells or bovine chromaffin granules. For PC12 cells, the density of non-specific IgG gold particles associated with secretory vesicles was 39±5 particles/μm 2 (134 vesicles evaluated), versus 30±4 gold particles/μm 2 in non-vesicular regions,
P=NS. For bovine chromaffin cells, the density of non-specific IgG gold particles associated
with secretory vesicles was 23±5 particles/μm 2 (120 vesicles evaluated), versus 18±5 gold particles/μm 2 in non-vesicular regions, P=NS.
Effects of Modulation of Cellular PAI-1 on Catecholamine Secretion. Previously, we
found that local activation of plasminogen to plasmin, and plasmin-mediated processing of the neurosecretory cell protein, chromogranin A (CgA), to generate secretion-inhibitory CgA peptides, substantially modulates nicotine-mediated catecholamine release [16] [17] [18] 29 . Therefore, we examined the effect of modulation of local PAI-1 on nicotine-mediated catecholamine release from PC12 cells. In the presence of the anti-PAI-1 IgG (to inhibit endogenously released PAI-1), nicotine-mediated catecholamine secretion was markedly decreased, compared with secretion from cells treated with control normal rabbit IgG (P < 0.001) ( Fig. 6 ). Compared to control IgG, anti-PAI-1 IgG had no significant effect on basal catecholamine secretion (in the absence of nicotine) (P=0.318) ( Fig. 6 ).
DISCUSSION
PAI-1 is a serine protease inhibitor (SERPIN) and the major physiological inhibitor of plasminogen activation through inactivation of the plasminogen activators tPA and uPA 1 . In this report, we investigated the expression of PAI-1 and its trafficking in catecholaminergic neurosecretory cells. Our study shows that PAI-1 is prominently expressed in these cells, where it is sorted into catecholamine storage vesicles, and is released with catecholamines in response to secretagogue stimulation. Secretory proteins expressed in neuronal and neuroendocrine cells are sorted into constitutive or regulated pathways 11, 12 amino acid signal sequence 30, 31 , suggesting its ability to enter the secretory pathway. However, the intracellular trafficking of PAI-1, and its mechanism of release (via regulated versus constitutive secretory pathways) from these cells, have not been examined. Thus, our results demonstrate that PAI-1 is targeted to the regulated secretory pathway in these cells.
Furthermore, these studies identify a specific subcellular compartment (the catecholamine storage vesicle) into which PAI-1 is sorted and from which PAI-1 is released by specific stimuli.
Trafficking of PAI-1 to the regulated secretory pathway was demonstrated in chromaffin cells using biochemical, functional, and morphologic studies. First, sucrose gradient fractionation studies revealed co-localization of PC12 cell PAI-1 and catecholamines to the same For personal use only. on November 16, 2017. by guest www.bloodjournal.org From subcellular fractions, at a buoyant density peak (1.4 M sucrose) consistent with that of catecholamine storage vesicles 14, 15, 26 . Second, functional secretagogue release studies showed regulated secretion of PAI-1 in PC12 cells and bovine chromaffin cells in response to several well-established chromaffin cell exocytotic secretagogues, which resulted in co-release of PAI-1 in parallel with catecholamines. Third, immuno-electron microscopy of PAI-1 in PC12 cells and in experiments with bovine chromaffin granules further confirmed that PAI-1 is targeted into catecholamine storage vesicles. Thus, our current results provide the first evidence that endogenous neurosecretory cell PAI-1 is sorted into the regulated secretory pathway.
Recent studies suggest that plasma PAI-1 concentrations are substantially increased during mental and physiological stress in humans and in rodent models, and that PAI-1 is a crucial mediator of the observed increase in thrombotic events associated with stress 9 . Thus, our results suggest that stress-mediated sympathoadrenal activation with resultant exocytotic release of PAI-1 from catecholamine storage vesicles may be an important mechanism for the observed increase in circulating PAI-1 concentrations, with important implications for stressinduced thrombotic episodes.
Interestingly, plasma PAI-1 concentrations are elevated in essential hypertension as well as in the insulin resistance/metabolic syndrome [32] [33] [34] , disorders that occur commonly in the adult population. These disorders are associated with an increase in body adiposity, and release of PAI-1 from adipose tissue appears to be an important source of plasma PAI-1 9, 35, 36 . However, these disorders are also characterized by substantially augmented sympathoadrenal activity 37, 38 .
In the current study, we observed significant increases in plasma PAI-1 concentrations that were in parallel with increases in plasma catecholamines in response to acute sympathoadrenal activation in mice in vivo. These results are consistent with direct release from the same For personal use only. on November 16, 2017. by guest www.bloodjournal.org From intracellular pool, or, alternatively, may reflect PAI-1 release from another compartment (e.g., vascular endothelium or adipose tissue) that is mediated by the actions of catecholamines.
However, the increases in plasma PAI-1 in response to sympathoadrenal activation were highly correlated with the increases in plasma catecholamines (r=0.825, P=0.001). Thus, taken together our results suggest that release of PAI-1 from catecholamine storage vesicles may also contribute to the increased plasma PAI-1 concentrations, as well as the increased risk of thrombotic events, including myocardial infarction and deep vein thrombosis, that are observed in the above disorders. Because PAI-1 is expressed by a variety of tissues, the relative contributions of such tissues to perturbations in plasma concentrations of PAI-1, and to overall fibrinolytic balance, in response to stress, is a complex issue, as has been pointed out by other investigators 9, 39 .
In previous studies, we demonstrated that the plasminogen activator, t-PA is also sorted into and released from catecholamine storage vesicles 15, 40 . On a quantitative basis, by ELISA, the cellular content of PAI-1 was similar to values which we previously noted for t-PA antigen in these cells [tPA cell content of 9.4 ± 0.5 ng/10 6 cells and 4.7 ± 0.7 ng/10 6 cells for PC12 and bovine chromaffin cells, respectively] 15 . Thus, the net effect on plasminogen activation and fibrinolysis from this source [as well as local effects on neurosecretory cell function (vide infra)] will depend on a variety of factors that affect local PAI-1/t-PA balance, including the relative rates of synthesis of PAI-1 and t-PA, trafficking to the vesicles, as well as the potential formation of t-PA/PAI-1 complexes within the vesicle and upon release. Previous studies have demonstrated that sympathoadrenal and sympathoneural tissues may represent substantial sources contributing to changes in plasma t-PA concentrations 41, 42 . Further studies will be required to determine what conditions and factors may alter local PAI-1/t-PA balance in these cells.
In addition to providing a potential source of circulating PAI-1, the presence of PAI-1 within catecholamine storage vesicles and the release of PAI-1 from these organelles have important implications for neuroendocrine function. Previously we have provided evidence for the presence of a local, chromaffin cell plasminogen activation system, which includes secretory vesicle t-PA, and high affinity cell surface receptors for plasminogen and t-PA, to promote plasminogen activation at the cell surface 15, 16, 18, 29, 40, 43 . In addition, there is evidence for lower levels of expression of other fibrinolytic components, including uPA 44 , the uPA receptor (uPAR) 45 , and plasminogen 46, 47 , by these cells. Furthermore, this system crucially participates in cell-associated neuroendocrine prohormone processing to generate bioactive peptides that modulate the secretory characteristics of the cells and regulate catecholamine secretion [16] [17] [18] . We have demonstrated that perturbation of the local chromaffin cell plasminogen activation system markedly influences catecholamine secretion [16] [17] [18] . In the current study, modulation of local PAI-1 by specific anti-PAI-1 IgG caused a marked decrease in nicotine-mediated catecholamine release. This result is consistent with our previous results demonstrating that the local plasminogen activation system participates in local prohormone processing of chromogranin A to liberate a bioactive peptide that inhibits catecholamine release and provides an important negative feedback regulatory role on these cells 16, 17 . Thus, in this paradigm, neutralization of the inhibitory effect of locally secreted PAI-1 by specific anti-PAI-1 antibody would be expected to enhance this local negative feedback system, resulting in decreased catecholamine release, as observed. However, it is possible that other local cellular effects of PAI-1 that are independent of effects on local proteolytic activity may contribute to this effect. Additional in vivo studies will be required to more definitively assess the importance of fibrinolytic components in prohormone processing and their specific role in this regulatory system. We examined chromaffin cells for PAI-1 expression at several levels, including PAI-1 mRNA, PAI-1 antigen, and PAI-1 activity. Exposure of cells to NGF, a neurotrophic factor which has been shown to activate gene expression of other chromaffin cell proteins that are targeted to catecholamine storage vesicles 20, 48 , resulted in substantial induction of endogenous PAI-1 gene expression (2.5-to 3-fold).
Chromaffin cell PAI-1 antigen was present in several forms, including free and in complex. In our Western blot studies investigating expression and release of PAI-1 from chromaffin cells, we observed the presence of three primary bands: a band at Mr app 110,000, consistent with PAI-1 in a complex with t-PA (also consistent with our previous studies showing this complex by immunoprecipitation with anti-t-PA antisera and by fibrin zymography 15 ), and a doublet at Mr app ~50,000, the more slowly migrating band within the doublet representing free PAI-1, and the faster migrating band representing cleaved substrate PAI-1 (Fig. 3B ). In the heavily loaded Western blots of sucrose density fractions from PC12 cells (Fig. 2) , these same three PAI-1 immunoreactive bands were present, along with an additional lower molecular weight minor band, consistent with cleavage of active PAI-1 as described 49 . Thus, these results are consistent with the presence of both free and complexed forms of PAI-1 in chromaffin cells.
We also investigated neurosecretory cell releasates using reverse fibrin zymography.
Plasminogen activator inhibitor activity was present and was of the appropriate size for active PAI-1 (and/or latent PAI-1 reactivated during zymography). Only trace amounts of plasminogen activator inhibitory activity were detected in the conditioned media of cells incubated with buffer alone, whereas a prominent zone of plasminogen activator inhibitory activity was observed after treatment of cells with secretagogue. As noted above, Western blotting showed an additional lower molecular weight band in catecholamine storage vesicle fractions, suggesting that this represents inhibitor that was previously complexed with t-PA and, hence, had been present in the active form. In addition, the presence of PAI-1 activity can also be inferred from the presence of the t-PA-PAI-1 complex discussed above.
In summary, these results demonstrate that PAI-1 is expressed in neurosecretory catecholaminergic cells where it is targeted into the regulated secretory pathway (into catecholamine storage vesicles), and is exocytotically co-released with catecholamines by chromaffin cell stimulation. Synthesis and release of PAI-1 from sympathoadrenal sources may be an important source of circulating PAI-1. Since PAI-1 is a crucial mediator of stress-induced hypercoagulability and thrombosis, these results suggest fundamental physiologic and pathological links among PAI-1, sympathoadrenal activation, altered fibrinolytic activity, and increased thrombotic risk associated with stress. In addition, taken together with recent results demonstrating expression of other components of the fibrinolytic system in chromaffin cells, and with results showing that local activity of fibrinolytic molecules may participate in prohormone processing to influence catecholamine release, these results further define the presence of a local, catecholaminergic cell plasminogen activation system, which may be regulated at several levels, including modulation by local synthesis and release of PAI-1. Thus, these results suggest major interactions between catecholaminergic and fibrinolytic systems which may profoundly influence catecholamine release and have important implications for disease states characterized by altered sympathoadrenal activity. Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society of
